Introductionglobular embryo and the outer tissues of the epidermis and ground tissue ( Figure 1F ). While 134 similar expression was observed in the root, IQD17 was excluded from the columella and QC 135 ( Figure 1F ). Expression could also be observed outside the context of the embryonic and 136 primary root (e.g. lateral roots and developing leaf primordia; Figure 
143
We next generated translational fusion lines of the IQD15-18 subclade to investigate their 144 subcellular protein localization patterns. Proteins could be detected only within domains of 145 promoter activity in both embryos and roots, suggesting that proteins do not move outside 146 their expression domain (Figure 2A-C) . Similar to previous reports (Bürstenbinder et al., 2013, 147 2017), we observed proteins in strands resembling MT-structures and found these structures 148 to be sensitive to treatment with the MT-destabilizing drug oryzalin (Figures 2A-C) . In addition 149
to being associated to CMT, IQD18 was also found to reside in the nucleus. Not all cells 150 showed nuclear localized IQD18 and this was especially clear in the postembryonic root where 151 this seemed to be correlated to the developmental age of the cell ( Figure 2D with only IQD18 displaying nuclear accumulation, we were interested to know the ancestral 169 localization mode within this subclade. We investigated the occurrence of Arabidopsis thaliana 170 IQD15-18 (AtIQD) orthologues in a number of different species, including tomato, poplar, rice, 171 maize, and moss ( Figure 4A ). All analyzed monocot species possessed only a single copy of 172 this subclade, while all eudicots (with the exception of Medicago) had multiple, suggesting a 173 multiplication event of this subclade occurred in eudicots ( Figure 4A ). This would also suggest 174 the localization properties of a monocot orthologue to be similar to that of a common ancestor. 175
To test this, we generated a GFP protein fusion of the rice orthologue OsIQD14, which has up 176 to 61% similarity to the Arabidopsis genes and shares highly conserved domains ( Figure S3 ).indistinguishable from that of AtIQD18, with clear microtubule association, nuclear localization, 179 and similar behavior during the cell cycle ( Figure 4B-D interaction between IQD18 and CaM1 ( Figure S6 ), and furthermore showed that this 213 interaction occurs at MT structures ( Figure S6A' and B'). Since CaM proteins are not by 214 themselves known to interact with MTs (Bürstenbinder et al., 2013), it is likely that IQD18 215 recruits CaM1 to MTs, a property that we also observed for OsIQD14 (Yang et al., 2018) . 216
In addition to confirming MT and CaM/CML interactions, our IP-MS/MS experiments 217 identified a range of novel IQD-interacting proteins. These included a Glycine-rich protein, a 218 kinesin, ANGUSTIFOLIA, and several members of the 14-3-3 type GF14 proteins (Figures 5B  219 and S7, Table 1 and S1). Interestingly, IQDs were also found to bind the SPIRAL2 (SPR2) 220 protein ( Table 1) and SPR2, including several of the same CaMs/CMLs and 14-3-3 GF14 proteins (Table S1  230 and Figure S9 ). We did not find any IQD proteins, but might be due to their low protein 231 abundance and tissue specific expression, compared to ubiquitous SPR2 protein 232
accumulation. 233

Calcium modulates the assembly of MT complexes 235 236
Given that IQD proteins interact directly with several CaM/CML proteins, and that this 237 interaction likely recruits CaM/CML proteins to MTs, we asked if calcium would affect the IQD 238 protein interactome. We therefore performed independent IP-MS/MS experiments on roots of 239 a IQD18-YFP line in high or low calcium conditions (by addition of either 100 mM CaCl2 or 20 240 mM EGTA, respectively). Through statistical analysis, we identified several proteins that show 241 differential binding in either condition (Table 1 and S1 and Figure S10 ). Among these proteins, 242
we also found several CaM proteins that showed more prominent binding in low-calcium 243 conditions (Table 1 ). This suggests that calcium, presumably through binding to CaM/CML 244 proteins, modulates their ability to bind IQD proteins. property that is shared with its rice orthologue OsIQD14 (Figures 3 and 4) . It is likely that this 259 regulated localization is important for protein function, and we used a misexpression strategy 260 to alter IQD18 protein levels and localization. We first generated a line expressing this protein 261 under control of the strong meristematic RPS5A promoter (Weijers et al., 2001) and fused with 262 sYFP (pRPS5A::IQD18:sYFP; R18). This line showed similar localization patterns as 263 observed in the genomic fusion line, with CMT and nuclear localized protein, in both embryos 264 and root tips ( Figure 6A ). We did not observe any obvious phenotypic changes in these 265 misexpression lines in embryos nor in roots. We then cultured seedlings in EGTA to limit the 266 endogenous calcium levels. This treatment strongly inhibited root growth in wild-type plants, 267 and we found that R18 lines were more sensitive to EGTA-induced root growth inhibition 268 ( Figure 6E ). 269
We next exploited the increased sensitivity to EGTA as a measure for biological activity 270 of IQD18 protein, and asked which subcellular localization is associated with activity. We 271 contexts. We show that the subclade of AtIQD15-18 genes is transcriptionally regulated by 314 auxin signaling and that these genes are expressed in the developmental regions that 315 correspond to high signaling. Furthermore, we show that the IQD proteins can directly bind to 316
CaM and MT in vitro and that they preferentially localize to the dynamic CMT structures, in 317 vivo. The interaction between IQD and CaM was found to be modulated by calcium. 318
Interestingly, co-overexpression of a CaM with OsIQD14 was recently found to suppress IQD 319 function and restore its phenotype (Yang et al., 2018) . This suggests that calcium signaling is 320 able to control the interactions of IQD proteins and thereby modulate their function. Calcium 321 signaling was in turn found to be dependent on correct localization of IQD proteins, as altering 322 the nuclear localization properties of IQD18 resulted in impaired responses. Although the 323 precise role of nuclear-localized IQD protein remains unclear, this could involve parts of the 324 nuclear calcium signaling (Charpentier and Oldroyd, 2013), as for example interactions with a 325 nuclear ion channel were also observed (Table S1 ). Moreover, we identified novel IQD-326 interacting proteins, including the MT minus-end binding protein SPR2. We were able to 327 confirm that this is a direct interaction and also that this interaction can be modulated by 328 calcium, which suggests an auxin-calcium-IQD-SPR2 pathway could be controlling MT 329 dynamics. In our efforts to confirm IQD-SPR2 interaction we identified novel interactors of 330 SPR2, including a phosphatase and a kinase, in addition to an overlapping interactome 331 between IQD and SPR2 ( Table S1 ). Considering that phosphorylation was proposed as a 332 regulatory mechanism for SPR2 (Wightman et al., 2013) , this provides valuable insights for 333 future research directions on the regulation of this protein. 
Methods 359
Genome mining and phylogenetic tree assembly 360
Multiple sequence alignment was performed on protein sequences of all (full length) 361
Arabidopsis IQD proteins, and a phylogenetic tree was assembled using only non-gap 362 generating sequences, using MAFFT (Katoh and Standley, 2013) and AtIQD33 was used to 363 root the tree. Protein sequences of AtIQD15-18 were used as query in a BLAST to find related 364 proteins in transcriptome databases of different species (i.e. Solanum lycopersicum, Medicago 365
truncatula, Populus trichocarpa, Arabidopsis lyrata, Brassica rapa, Oryza sativa, 366
Brachipodium distachyon, Zea mays, Selaginella moellendorfii, and Physcomitrella patens). 367
Reciprocal BLAST on Arabidopsis protein database was used to filter the recovered hits and 368 only those hits that resulted in AtIQD15-18 as top hits were kept. 
Cloning and plant transformation 380
Promoter fragments (up to 5 kb upstream of start codon), translational genomic fusions 381 (promoter fragment plus coding genomic fragment) and coding sequences (CDS) were 382 amplified from genomic DNA (promoter and genomic) or root cDNA (CDS) using PCR and 383 Phusion Flash master mix (Thermo Scientific) or Q5 DNA polymerase (New England BioLabs) 384 and the primers described in Table S2 . PCR products were cloned into the pPLV4_v2 385 day-old seedling roots were stained with propidium iodide (PI) for 2 minutes and imaged by 398 excitation at 488nm or 514nm and detection 600-700nm (PI). Embryos were examined by 399 isolating ovules and fixing them in a 4% paraformaldehyde / 5% glycerol in PBS solution 400 containing 1.5% SCRI Renaissance Stain 2200 (R2200; Renaissance Chemicals, UK), before 401 extruding embryos and imaging R2200 at 405nm excitation and detection between 430-402 470nm. GFP, YFP and RFP were respectively imaged by excitation at 488nm, 515nm or 403 561nm and detection at 500-535nm, 535-600nm or 600-700nm. 404
405
RNA extraction and qRT-PCR 406
RNA was extracted from five-day-old Arabidopsis seedlings or seedling roots using TriZol 407 (Invitrogen) and subsequently subjected to column purification using an RNeasy Plant kit 408 (Qiagen) following manufacturer's instructions. Normalized amounts of RNA were used to 409 synthesize cDNA using an iScript kit (Bio-rad). Relative expression of target genes was 410 measured by quantitative-real-time-PCR (qPCR), the primers listed in Table S2, and  411 expression values were normalized against ACTIN2 and EEF1, using qBase software 412 Aliquots of 100 μL of CaM4-GST beads, pre-equilibrated with Lysis buffer, were mixed 455 with 500 μL of bacterial supernatant supplemented with 2 mM CaCl2 or 5 mM EGTA and 456 incubated for 1 h at 4 ℃ under gentle shaking. CaM4-GST beads were sedimented by 457 centrifugation and washed four times with 500 µL of Lysis buffer, followed by a final wash with 458 100 µL of the same solution. The bound proteins were eluted by boiling the beads for 2 min in 459 100μL of 4x SDS sample buffer. Proteins of the total extract, the initial supernatant, the last 460 wash, and the pellet fraction were analyzed by SDS-PAGE and western blot by His antibody. and -18 in young lateral root primordia and weak expression of AtIQD17. AtIQD16 and -18 expression could also be observed in developing leaf primordia of 6-day-old seedlings. Measuring bar = 10 µM.
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